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A STUDY ON DESIGN METHODS FOR OVERPACK WELDS
- Acquisition of basic data to quantify welding quality -

Ichiro Yanagisawa*), Takashi Shige*’, Hitoshi Kaguchi*’, Minoru
Tomimatsu*¢, Hiromi Sagou*?, Taisei Naito*?, Kazuhiro Nakamura*’

ABSTRACT

In this study basic data on welds of overpack structures for HLW were acquired and a predictive
destruction analysis was performed using the data acquired, in order to examine the viability of weld
design methods. The results are summarized as follows:

1) Investigation of Design and Welding Conditions for Welded Joint Models
Three welding methods--EBW, TIG and MAG--were selected, and welding conditions were
determined so that the welding quality almost equivalent to that of an actual over-pack was ensured.
2) Fabrication of Welded Joint Models
Three welded joint models, one for each of EBW, TIG and MAG, were fabricated. It was
confirmed that these models satisfied the quality requirements for Class I specified in JIS Z3104.
3) Sampling and Machining of Strength Test Specimens
Test specimens were taken from each welded joint model, and models for corrosion tests were
delivered to the Japan Nuclear Cycle Development Institute (JNC). :
4) Strength Test and Micro/macro Structure Observation
Tensile tests were conducted at room temperature and at 150°C, and fracture toughness tests at
O°C and 150°C, in order to obtain stress-strain curves, J-R curves and Vickers hardness. In addition,
an observation of micro and macro structures was performed.
5) Evaluation
Using the data on the welds obtained from the tests, a fracture prediction analysis and an
evaluation of unstable fracture due to weld flaws wese performed on the over-pack design described
in the second progress report. The following conclusions were obtained:
» For the overpack design examined, the effects of welds (material property and residual stress)
and fabrication tolerance on fracture loading are negligible.
» In addition, it was decided that even in a design with reduced wall thickness, welds have an
insignificant effect on fracture loading because fracture initiates in the center of the shell of the
overpack.,
» The size of flaws leading to unstable fracture is on the order of 10 mm and can be detected by
current non-destructive test techniques. These conclusions appear to be applicable to a design
with reduced wall thickness.

This work was performed by Mitsubishi Heavy Industries (MHI), Ltd. under the contract with the
Japan Nuclear Cycle Development Institute.
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6.1 BEROBERRESEEEE L 2t —N—/Ny 7 OB RIS
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6.1.2 2XITHANFREEST N
BATITHW S 2 KITHXAFET ML, TR EERLE.
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SECTION CLASSIFICATION SPP SN STT SNP 51 52 53 SMAX
] -25.08 -20.70 -25.38 -11.38 -11.30 -34.48 -25.39 2319
LINEIEFR S inner MtB -41.36 -36.31 -30.81 -23.75 -14.95 -62.72 -30.81 47.77
LINE1 LD LA | 84} outer MEB -8.81 -500 -19.96 L99 -4.84  -8.05 -19.96 1512
lix 5 inner MEiB4P -82.45 -105.36 -61.99 -26.14 -6537 -122.44 5L 99  60.45
outer MEBHP -15.19  -9,85 -24,52 L09 -8.05 -1519 -24.52 14,57
LINE1
M -25.04 -20.60 -25.34 -11.34 -11.26 -34.38 -25.34 2311
LINEIEH M S Inner MB -41,20 -35.92 -30.65 -23.59 -14.82 6229 -30.65 AT 47
LINE1 @i | f# | outer MiB -8.80 -528 -20.04 .81 506 -9.11 -20.04 14,98
fiEsiE inner MiBiP -101.73 -149.57 -1, 01 -22.62 -92.72 -158.58 -§1.01  77.57
outer MBtP -15.19  -9,84 -24 52 .08 -9.94 1519 -24.52 14,58
' -20,29 -20,67 -22.32 7.08 -13.40 -27.56 -22.32 1417
LINEZ. 1 L7 inner MiB -28.51 -27.78 -29.23 17.29 ~10.86 -45.44 ~-29.23  34.58
GLINEZ. 1 D] B4 {outer MB -12.06 ~-13.57 -15.41 -3.12 -9.50 -16.03 ~-15.41 6. 43
mhiEENE inner MiBEP -36.89 -41.94 -33.87  47.37 3.02 -B6.85 ~-33.87 94,87
outer MiB+P -15.20 -10.18 -16.67 .03 -10.18 -15.20 -16.67 6. 43
LINEZ. 1
'} -20.32 -20.72 -22.34 .15 <1337 -2TBT -22.34 14,30
LINEZ. 1FH & inner MB -28, 60 -27.92 -29.31 1751 -10.75 -45.78 -29.31 35 03
SLINEZ. 1 L0 |4t outer ME -12.03 ~13.52 -15.38 -3.22 -9.47 -16.08 ~-15.38 6. 61
BhilENE inner MBIP -34.52 -37.36 -31.78  51.50 1558 -87.46 -31.78 10304
outer MBP -15.22 -10.23 -16.6% .02 -10.23 -15.22 -16.69 6. 46
] -67.80 -29.40 -39.37 76.10  29.88 -127.00 ~38. 37 156 97
LINE2, 2 E&in Zajgs| fnner MiB -136. 44 -34.88 -61.62  96.60  23.47 -194.80 -61.62 218 27
SLINEZ 20D G |outer MiB .83 -23.92 -I7.11 5560 4542 -63.50 -17.11 113,82
BhiaENE inner MIBHP -178.70 5272 -79.61  97.63 .48 -231.90 -T9.61 232 37
L INE2 2 outer MiB4P -42.01 -41.75 -36.35 56.64 1476 -98. 52 -35.35 113.28
] -9,23 -B1.65 -31.47 8138  50.06 -120.93 -31.47 170.99
LINE2. 2F A% e | inner WiB 62.09 -65.13 ~-11.45 11209 127.310 -131.14 ~-11.45 258.2%
SLINEZ, 2 kD S |outer W3 -80.55 -57.16 -51.49  50.67 -16.85 ~320.87 ~51.49 104.0}
BhiaziiE inner M{B4P 107. 50  -45, 82 7.99  112.80 167.07 -106. 49 7.89  273.85
outer MEBHP -34,52 -37.36 -31.78 5150 1558 -87.46 -31.78 103.04
] -24.22 -24,21 -24.80 -8.24 -15.98 -32.45 -24.80 16 47
LINE3 L5 nner M4B -42,08 ~39,68 ~-37.91 -20.70 -19.15 ~-62.62 ~-37.91  43.47
LINE3 OIS B34 [outer MiB -6.36 -8.74 -11.68 523 -2.18 -12.91 -11.68 10.73
HENE inner MIB4P -84,38 -134.70 -74.82 -59.35 -45.08 -174.00 -74.82 128.93
e outer NiB+P -15.22 ~10.34 -16.69 - 02 -10.34 -15.22 -16.6% 6. 35
"I -23.08 -22.20 23,67 -5.90 -16.72 -28. 56 -23. 87  11.84
LINEIS T A5 inner MiB -37.74 -32.001 ~-33.57 -12.91 ~21.65 -48.10 -33.57  26.45
LINES LR | B outer WB -8.43 -12.40 -13.76 .10 -8.15 -12.68 -13.76 5. 62
{EEIF inner MBIP -53. 93 -63.65 —44.37 1247 4541 7217 -44.37 2780
outar MIBIP -15.21 -10.31 -16.67 - 02 =-10.31 ~1521 -16.67 6. 36
M -25.25 -19.24 -24.97 8.94 -12.82 -31.68 -24.97 18.86
LINE4ETF iR G inner MHB -42.91 -30.9% -30,53  16.63 -19.24 -54.59 -30.53  35.35
LINE4 LD M:F | B4 [outer MB -71.59  -T.57 ~19.41 .25 -6.33 -8.83 ~i%.41 13.08
&N inner MHB+P -63.65 -53.93 -44.37 1247 -45.41 -TL1T7 -44.37 2T.80
puter MiBiP -15.15  -9,47 -23.51 07T -9.47  -15.15  -23.51 1404
LINE4 LINE1
M -26.44 -22.02 -26.16 11.35 -12.67 -35.79 -26.16  23.13 N
LINEAEH IS inner MB -47.44 -41.47 ~35.05 2580 ~-18.48 ~70.43 -3505 51.95
LINEA E DR | 84% | outer MiB -5.44 -2.56 -17.27 =310 -58 -T.42 -1T.27  16.69 r
5 inner MB+P -97.06 -131.90 -77.78  65.86 -46.36 -182.60 ~-T7.78 136.25 \
outer MiBiP -15.18 -9.53 -23.54 .06 -9.53 -15.18 -23.54 14/01/ HINES
CLASSIFICATION ; M : MEMBRANE /
MEB  : MEMBRANE+BENDING
WBP : MEMBRANE+BEND INGHPEAK LINE2.2
SPP ; HORMAL STRESS PARALLEL TO SECTION
SNN ; NORMAL STRESS NORMAL TO SECTION 4
STT ; NORMAL STRESS IN CIRCUMFERENTIAL DIRECTION
SNP ; SHEAR STRESS ON SECTION LINE2.1
§1, §2, 53 ; PRINCIPAL STRESSES
SMAX; STRESS INTENSITY (|S1-521, [52-83], 153~811)max LINEB
GE) HMRERZBEFICEIAFMES 1 EORHEIBFA v 1 ORSAQEHERSRIMEE NS,
S A yORUMERETIHS, HETHESNE S THERSMOEHHLELZIZLB8H 50, TREHTIE N
B4 OREMPBMET R LICLUTMES A  EDBHEERDE, LINE4—]




#6.1.6-2 F—R 2FMENTE B B3ERS [EBW, BT, SAELS MPa)

LINE1

{ unit : MPa )}
SECTION CLASSIFICATION SPP NN 8TT SNP 81 52 53 SMAX
" -25.73 -21.18 -25.67 -11.25 -i1.97 -34, 894 -25.67 22.96
LINEIEH DS inner M+B -44.07 -37.71 -32.30 -24.31 -16.37 -65.41 -32.30 49.03
LINE1_E@DE:h| B4 | outer M4B -7.40 -4.64 -19.04 .80 -3.75 -8.29 -19.04 1529
HENE inner MiBtP -114.00 -127.90 ~-78.57 -52.08 -B8. 41 -173.4% -T8.57 105.08
puter MiBiP -15.17  -9.69 _ -24.05 - 03 -9.69 -15.17 -24.05 14,36
LINE1
] -25. 67 -21.04 -25.61 -11.05 ~-12.07 =-34.64 ~-25.51  22.58
LINE1ER S inner MB -43.85 -37.21 -32.08 —23.51 -15.79 -64.28 -32.09  47. 49
LINE1L LD R | B4t outer MiB -7.40 -A 87T -19.14 .42 -4.25  -B.11 -19,14  14.88
EEHNEF inner MiBtP -135.00 -176.90 -99, 58 2.26 -134.88 -177.02 -99,58  77.44
outer MBiP -15.18  -0.72 -24.08 - 04 -9.71 -151B -24.06 14.35
'] -20, 23 -20.47 -22.20 §.04 -4 31 -26.39 -22.20 1209
LINE2. 1.XF inner W48 -28.41 -27.37 -28.96 13.79 -14.09 -41.69 -28.86  27.6i
SLINE2, 1 EoD| B3 | outer MR -12.05 -13.57 ~-15.44 -1.71 ~-10.94 -14,68 -15. 44 4. 50
BhiiEshiE inner MiBiP -36.73 -43.42 -34.20 23.32 -16.52 -63.63 -34.20 4T 12
outer MiBIP -15.20 -~10.16 -16. 66 .03 -10.16 1520 ~-16.66 6. 50
LINE2. 1
] -20,23 -20.46 -22.20 6.05 -14.30 -26.39 -22.20 1210
LINEZ 1FAHD inner MiB -28,39 -27.31 -~28.93 1378  -14.06 -41.64 -28.93  27.58
SLINEZ. 1.ED| Bt outer Wi -12.07 ~-13.62 -15.46 -1.68 -10.99 -14.70 -15 46 4,47
BEHiEENE inner MEBHP -36.59 -43.10 ~-34.06  23.27 -16.35 -B3.34 -34.06  46.99
outer MIB4P -15.22 -10.20 -16.67 .02 -10.20 -15.22 ~16.67 6. 47
W -40,56 -44.26 -33.98  42.44 .07 -84.89 -33.98 .54.96
gﬁ;gﬁé’;") i 1ner 448 4477 -49.89 -37.00 7595 2867 -125.33 -37.00 15199
LINEZ. 2| B e L p| G Outer BiB -36.35 -38.63 -30.96 $.93 -28.49 -46.49 -30.96  18.00.
EhiEE AR inner WBiP -A0, 74 -49,14 -35.35 118.10 73.23 -163.11 -35.35 23635
auter WBIP -36.66 -30.17 -31.39 23.26 -14.62 -51.21 -31.39  46.59
M -24.22 -24.21 -24.80 -8.24 ~1598 -32.45 -24.80 1647
LINE3LEHA G inner MtB -42.08 -30.68 ~-37.91 -2L.70 ~-19.15 -62.62 -37.91 43 47
LINE3 DS | 43 [outer MiB -6.36 -8.74 -~11.69 523 -2.18 -12.91 -11.69  10.73
fAENE nner MAB4P -84.38 -134.70 -74.82 -50.35 -4508 -174.00 -74.82 128 93
outer MBtP -15.22 -10.34 -16.69 - 02 -10.34 -15.22 -16.69 6. 35
LINE2
¥ -23.09 -22.20 -23.67 -5.80 -16.72 -28.56 -23.67 11.84
LINE3FADS inner KiB -37.74 -32.01 -33.57 ~-12.91 -21.65 -48.10 -33.57  26.45
LINES R0l | Bt outer 4B -8.43 -12.40 -13.76 .16 -B.15 -12.68 ~-13.76 5. 62
ExHF inner MiB1P -53.93 -63.65 -44.37 -12.47 -~45.41 -T2 17 -44.37  27.80
outer MBtP -15.21 -10.31 -16.67 - 02 -10.31 -1521 -16.67 6. 36
n -25.25 -19.24 -24.97 8.94 -12,82 -31.68 -24.97  18.86
LINEAEA DS inner WiB -42,91 -30.91 -30.53  16.63 -19.24 -5459 -30.53 3535
LINE4 E i | 844 | outer M1B -5 ~T.5T ~-19.41 1.25 -6.33 -8.83 ~-19.41 1308
HE5 inner MHBHP -63.65 -~53.93 44,37 1247 -4541 -72.17 -44.37  27.80
outer WHB+P -16.15  -8.47 -23.51 .07 -8.47  ~1515 -23.51  14.04
LINE4
n ~26.44 -22.02 -26.16 11.35 -12.67 -35.79 -26.16  23.13
LINEAZES v & inner MB -47. 44 -41.47 -35.05 2580 -18.48 -70.43 -35.05 51.95
LINE4 LRG| 544 outer MB ~5.44 -2.856 ~-17.21 -3.10 -~ 68 -7.42 -17.27 16.69
{HENE Tnner MiBiP -97,06 -131,90 -JT.78 6586 -46.36 -182.60 -77.78 136.25
outer MiB+P -15.18  -9.53 -23.54 .06 -0.53 -15.18 -23.54 14,01
CLASSIFICATION ; M : MEMBRAKE ~ N
- M$B  : MEWBRANE*BENDING L LINE22 .
WEB4P : MEMBRANEBENDINGHPEAK /
SPP ; NORMAL STRESS PARALLEL TO SECTION &

STT ; NORMAL STRESS IN CIRCUMFERENTIAL DIRECTION
SNP ; SHEAR STRESS ON SECTION

S1, 52, 53 ; PRENCIPAL STRESSES

SMAX; STRESS INTENSITY (|$1-821, 1S2~83[, }53-51])max

GE) HREREBFCSITBFES A » LOBHARETA v i 1 ORSRAQKHEN SRAREND

SNN ; NORMAL STRESS NORMAL TO SECTION ‘ b N
; LINEZT

BS54 »ORAMSRET 35S, BIETERNELTIERLAOEHELLSS &J)‘ib%t.&b ZFEH'C‘M‘.

FES M ORAMLAFETEHIL K EUFES A ¥ EDEhiiE RO,

LINE4

]

LINE




#6.1.5-3 r—RA4HEHHICBTDREST (MAG, BEEMRNT, SLELD. MPa)

{ unit : MPa )}
SECTION CLASSIFICATION SPP ShN ST SNP $2 53 SHAX
' -26.07 -20,81 -2573 ~-1L. 47 -11.68 -3520 -2573  23.53
LINE DB inner W8 -43.83 -36.27 -31.33 -24.48 -15.27 -64.82 -31.33 49,55
LINET_LODIGH| 44| outer MB -8.31  -535 -20.14 .55 -4.68 -8.98 ~20.14  15.45
{EEHF inner MiB+P -114,32 -116.58 -74.44 -50.50 -64.94 -165.96 ~-74.44 101.03
outer MBHP ~15, 16 ~10,78 ~-25. 00 .21 -10.77 -1517 -25.00  14.23
LINE
: M -26.03 -20,71 -25.69 ~11.26 ~11.80 ~-34.94 -25.69  23.14
LINEVEA S inner MB -43,66 -35 80 -31.17 -23.68 ~-15.78 -63.77 -3L17 47.99
LINE1 LD} B4 | outer WHB -8.39 -553 -20.22 .16 -512 -8.80 =-20.22 1510
{EEHEF inner MiB+P -132.08 -159.92 -82.78  10.73 -128.42 -163.58 -92.78  T0.80
outer MEB+P -15, 18 -10,83 -25.02 .24 -10.82 -15.19 2500 14.20
M -20.05 -20.73 -22.35 .07 -13.31 -27.47 -22.35 1416
LINE2, 1 EFrn inner W8 -27.72 -2T.84 -29.14 1716 -i0.62 -44.84 -29.14  34.32
SLINEZ 1 LD B outer #4B ~12,38 -13.63 -1555 ~3.02 -9.92 -i6.08 -15 55 6.17
EhiiEsE Inner NiB+P -29,95 -33,00 -31.13 51.23  16.95 -85.90 -31.13 102 86
outer MiB+P -15.20 -10.12 -16.70 .03 -ik12 -15.20 ~16.7D 6. 58
LINEZ. 1
W ~20.07 -20.74 -22.36 7.08 -13.31 ~27.50 -22.36 14.18
LINEZ 1 FA inner MiB -27.77 -¥1.83 -29.16  iT.18  -10.62 -44.99 -29.16 34,37
SLINEZ 1 kD | B4 |outer WHB -12.37 -13.85 -15.55 -3.02 -8.92 -16.09 -15 55 6. 17
EhifENE inner M4B4P -30.75 -33.66 -20.77 48.32  16.14 -80.55 -29.77  96.68
outer MBIP -15.22 -10.17 -16.72 .03 ~.17 -15.22 -16.72 B. 55
B -64.57 -2T.18 -35.74 7213  2B.63 -120.33 -35.74 148 02
LINEZ. 2 A5 70 g | inner M4B -132.38 -32.96 -57.83 8T.63 18,07 -183.41 -57.83 20149
BLINE2 2 03| W | outer WHB 3.24 -21.41 -13.65 56.63  48.87 -67.04 ~-13.65 11591
mhiEENE inner WBP -173. 40 -51.73 -T5.73  87.23 -6.22 -218.91 7573 2170
LINE2. 2 : outer WBIP ~38.34 -40.20 -31.80 56.23  16.97 -95.51 -31.80 112.48
n -11.35 -58.65 ~-31.41 B2 1%  50.53 -120.53 -31.41 171.06
LINEZ. 2T 570 ey | inner B 59.47 -50.72 -10.79 117.39 131. 26 -132. 50 -10.79 263. 76
BLINEZ 210D\ S| outer WiB -82.17 -56.59 -52.04  47.00 -20.67 -118.08 -52.04 9741
Ehili% s inner MB+P 110.20 -3%.40 11.13 118.70 175. 84 -104.14 1118 280,07
outer MBHP -30.75 -33.66 -29.77 48.32  16.14 -80.55 -29.77  96.68
'l -24,22 -24,21 -24.80 -8.24 -1598 -32.45 -24.80  16.47
LINE3 EH S inner MB -42,08 -39, 68 -37.01 -21.70 -10.15 -62,62 -37.01 43 47
LINES DG | B4 [outer MB -6.36 -8.74 ~-11.B9 523 -218 -1201 ~-11.69 10.73
-t X inner WB+P -84,38 -134,70 -74.B2 -59.35 -45 08 -174.00 -74.82 128.93
LINES guter BEBLP -15.22 10,34 -16.69 ~ 02 -30.34 -1522 -16. 60 6. 35
[} -23.09 -22.20 ~-23.67 -5. 90 -16.72 -28.56 ~23.67 11.84
LINE3FHInS inner MiB -37.74 -32.01 -33.57 -12.91 -21.65 -48.10 =-33.57  26.45
LINE3 E DS 4% |outer WiB -8.43 -12.40 -13.76 .10 -815 -12.68 ~13.76 5 62
{BE5E inner WBHP -53.93 -63.65 44,37 ~12.47 4541 -72.17 -44.37  27.80
outer MiB+P -15.21  -10.31 -16.67 - 02 -10.31 -1521 -16.67 5. 36
M -25.25 -19.24 -24.97 B.94 -12,82 -31.68 -24.97  18.86
LINEAE B DB inner MiB -42.91 -30.91 -30.53% 16.63 -19.24 -54.59 -30.53  35.35
LINE4 LeDish | 841 outer W48 -7.59 -7.57 -19. 41 125 -6.33 -8.83 -19.41 1308
fHEHF inner MiB4P -63.65 -53.93 -44.37 1247 -4541 -T2 17T -44.37  27.80
| e outer WHBP -16.15  -8,47 -23.51 .07 -9.47 -15.15 -23.51 1404
H -26.44 -22.02 -26.16 11.35 -12.67 -35.79 =-26.16  23.13 '-"E‘
LINE4EF DD inner Wb -47.44 -41.47 -35.05  25.80 -18.48 -70.43 -35.05  51.95 ——
LINEA_E@IGH | B4 | onter MB -5.44 -2.56 -17.27 -2.10 - 88  -7.42 121 16.69 (‘
{HE5E inner MHB4P ~07.06 -131.80 ~T7.78 6586 ~-46.36 -182.60 -77.78 136.25 N
outer WBHP -15.18  -9.53 -23.54 L06 -9.53 -15.18 -23.54 14,01 LLINEY
CLASSIFICATION ; M  : MEMBRANE /
B : MENBRANE+BENDING _
MiBIP : WEMBRANE+BEND ING+PEAK , LINE2.2
SPP : NORMAL STRESS PARALLEL TO SECTION / "
SNN : NORMAL STRESS NORMAL TO SECTION L
STT ; NORMAL STRESS |N CIRCUMFERENTIAL DIRECTION W
SNP ; SHEAR STRESS ON SECTION N LiNE2.1
81, 82,53 : PRINCIPAL STRESSES S
SMAX; STRESS INTENSITY (]$1-521, 1$2-83(, 153-51) max LINER

(F) ABEREBRNICEISRET A > LORMMERBITA v 2 ORGEOBHHEPERMFEIS,

FES ORANMSHRT SRS, IHETEHAE E TR MOIRMEL TS MBI, FHRHTIE
FHES A Y ORAIPSABTHCLICL VYRGS~ LOBHEERDE.

LINE4—




#6.1.5-4 F—XBFHENTEICH I BREEA (T 1G, LM, SLELS MPa)

{unit : MPa )
CLASSIFICATION SPP SHN STT SNP 51 52 53 SMAX
M -25.86 -~20.80 -25.66 -11.48 ~-11.57 ~3508 -25.66 23 50
LINEIER S fnner B -43.29 -36.32 -31.24 -P4.43 -1512 -64.49 -31.24  48.36
LINEL LI B |outer MiB -8. 42 -5.28 -20.09 1.48 -4.69 -9.01 -20.09  15.4D
{HZHE inner MiBIP -106. 77 -112.03 -70.91 -53.21 -56.12 -162.68 ~-70.91 106. 55
outer MHB+P ~15.15 -10.58 -24.88 1T -10.57  -15.16 -24.88 14 3
LINE?
] ~25.81 -20.69 -25.62 ~-11.29 -11.68 -34.82 -25.62  23.14
LINE1SEFH D5 inner MB -43.12 -35.92 -31.07 -23.69 ~-15.56 —63.48 -31.07 47 92
LINE1 _E R 73| £44 | outer W4B -8.50 -5.46 —20.17 .11 -510 -8.87 -20.17 1507
fEHE inner M4B4P ~126. 11 -156.49 -80.76 1.21 -125,06 -156.54 ~B89.76  66. 78
outer MHBHP ~15, 16 -10.61 -24, 90 .18 -10,60 -15.17  -24.90 14,30
¥ -20.09 -20.69 -22.32 7.05 -13.33 -27.45 -22.32 1AM
LiNE2. 1 kFrdn inner MiB -27.85 -2T.72 -29.10 17.11 -10.68 -44.89 -29.10 3421
BSLINEZ, 1 L) |34t |outer MB -12.33 -13.66 -15.54 -3.00 ~-9.92 -16.07 ~-15.54 6. 15
BHEENE inner MiB+P -31.88 -38.37 -31.47 4872 1370 -83. 85 -31.47  9T. 66
outer MB4P -15.20 -10.13 -16.6% .03 -10.13 -15.20 -i6.6% 6. 56
LINEZ.
] -20.13 -20.74 -22.35 .11 -13.32 -27.55 -22.36 14.23
LINEZ 1TFHH» inner Wb ~27.97 -27.86 -29.20 17.29 -10.62 -45.21 -20.20  34.59
SLINEZ. 1 EoD| 8 louter MIB -12.20 -13.62 -1551 -3, 08 -9.80 -1610 ~-15 51 6. 30
BhiEENE inner MAB+P -31.88 -34.76 -30.20 50.27 17.26 -83.30 -30.20 100.57
outer MABP -15.22 -10.18 ~-16.T1 .02 -10.18 -1522 -16.T1 6. 53
M -§5, 47 -25.84 -35.94 75,99 3287 -124.18 -35.94 157.0%
LINE2. 2 - F s segir| inner B ~134.20 -30,17 -57.87  98.90  29.56 -193.93 -57.87 223.4%
SLINEZ 2 E | S |outer MiB 3.27 -21.51 ~1401 S3.0T 4538 -63.62 -14.01 108 99
mhfEE s inner MtB+P -177.90 -48.44 -76.43 100, 40 6.29 -232.63 -76.43 238 92
outer MiB4P -41.03 -39.81 -32.82 5489 1417 -9501 -32.82 109.19
LINE2. 2
] -8.81 -59.45 -30.85 81.19 50,92 -119.18 -30.85 170.10
LINEZ. 2 FH sy inner WHB 62.51 -63.26 ~-10.61 113,11 120,04 -129.79 -10.61 258 83
BLINEZ, 2 LD 0 outer WiB -80.72 -55.65 -51.08 48,27 ~17.12 -118.65 -51.08 101,53
EhiEnE inner MiBHP 11010 -42.37 9.93 11410 17109 -103.35 9.99 27445
outer MHBHP -31.88 -34.16 -30.20 50.27 i7.26 -83.30 -30.20 100. 57
] -24.22 -24.21 -24.80 -8.24 -15.88 -32.45 -24.80  16. 47
LINE3.EFT inner MB -42.008 -39.68 -~37.91 -21.70 1915 -B2L 62 -37.01  43. 47
LINE3 EDRS| 844 outer M4B -6.36 ~B.74 ~-11.59 523 -2.18 ~-12.91 ~-i{1.6% 10,73
EENE inner MiBP -84, 38 -134.70 ~TA.82 -59.35 -45.08 -174.00 -74.82 128 93
outer MiBtP -15.22 -10.34 -16.69 - 02 -10.34 -1522 -16.69 6. 35
LINE3
M -23.00 -22.20 -23.67 -5 90 ~-16.72 -28.56 -23.67 11.84
LINE3THDS inner MB -37.74 -32.01 -33.57 -~12.91 -21.65 -48.10 -33.57  26.45
LINES_ED S| B outer HB -3.43 -12.40 -13.76 .10 -8 15 -12.68 ~13.76 5. 62
{H=5E inner MiB+P ~53.93 -B3,B5 -44.37 -12.47 -4541 -T2 17 -44.37 27.80
outer MEBIP -15.21 -10.31 -16. 67 - 02 -10.31 -1521 -16.67 6. 36
'] -25.25 -19.24 -24.97 8.94 -12.82 -31.68 -24.97 1386
LINEdEHF S inner M+B ~42.81 -30,91 -30.53 16,63 ~19.24 -5459 -30.53 3535
LINE4 E DS | 54 [outer MR -7.58 -T.57 ~-19.41 .25 -6.33 -8.83 -19.41 13,08
HENE inner MiB4P -63.65 ~-53.93 -44.37 1247 ~45.41 -T2 17 -44.37  2T.80
outer MBHP ~15.15  -9.47 -23.% .07 -9.41 -16.15  -23.51  14.04
LINE4
] ~26. 44 -22.02 -26.16  11.35 ~12.67 ~-35.7% -26.16  23.13
LINEAZEF D inner MiB -47.44 -41.4T7 -35.05 2580 -18.48 -70.43 -35.05 5195
LINE4 LD ISsH| 84 |outer MiB -5.44 -2.5 ~-17.27 -3.10 - 58 -7.42 -17.27T 16.68
fEENMS inner MiB4P -97.06 -131.90 -77.78 6586 -46.36 -182.60 -77.78 136.25
outer MHBEP -15. 18  -9.53 -~23.54 .06 -5,53 -1518 -23.54 140
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MEB+P : MEMBRANE+BEND INGHPEAK
NORMAL STRESS PARALLEL TO SECTION
NORMAL STRESS NORMAL TO SECTION
NORMAL STRESS IN CIRCUMFERENTIAL DIRECTION
SHEAR STRESS ON SECTION

: MENBRANE

: ¥EMBRANE+BEND ING

51, 82, $3 ; PRINCIPAL STRESSES
SWAX: STRESS INTENSITY (1S1-52], [52-83], 153-51 ) max

() BEREREEGICEITSFETA > LOENMEIZENR A v & 2 ORAROEHEPERAMEEND,

/

LINE2.2

LINE2.1

FMFA RS RET SBS, BETESREETRERSAOBHELRSEHHLLY, FREHTI
BES A »ORHMEHETILIIVEES A EOBMEERDE,

LINE4—

LINEg




#6.1.6-1 2 XTRITHIBHETMER—ER
BAfT : MPa
M — A FHmED FHIED FmEES min HE

Wi 1 210 200 280

ez 1 B 2 220 300 235 130
Wi 5 130 160 230
T 6 190 35b 320
W 1 210 195 240

ez g |2 225 305 240 0
Wi 5 130 160 230
Wi T 6 190 355 325
Wi 1 230 210 240

e 3 W 2 230 300 245 130
Wi 5 130 160 230
Wi 6 190 359 325
BiTHE 1 215 200 260

ez |2 220 310 236 -
BTE 5 130 160 230
Wi TH 6 190 360 325
T 1 230 230 260

Az T Wi 2 230 290 230 130
WIE 5 130 160 230
BFHE 6 190 360 32b

FERE@ TR, MRS & L TRHAO 0. 2852 B CHEL 7.




7 6.1. 7-1

JIS B 0405 EE D HAZ2BR< EESTEICHT HrEsE

BAfL : mm
INEERR FHET IR
120 2882 400 28 % 1000 Z2#k A%
i | #H 400 LT 1000 BLF 2000 DL
HaE e GEAr
f Rk +0. 2 +0. 3 +0.5
m Rk +0.5 +0. 8 +1.2
c ik +0.8 +2 +3
v iiksih +1.5 +4 +6
#6181 3XTRTHENERNMSR R
BT : MPa
BT — A FmEDO %O FHEED min &
iggéggg 130 140 245
130
o 175 240 190
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MSC/PATRAN Version 85 21-Feb-00 14:05:50
Deform: Default, Stepl, Total Time=1.,, Deformation, Displacements, (NON-LAYERED)

TRAESR . 500%, B : mm default_Deformation ;

Max 1.21-001 @

R6.1.5-1 (1/3) 47— 1R [ —8%, WM, SE : 15. 3MPa)



MSC/PATRAN Version 8.5 21-Feb-00 14:06:14
Fringe: Default, Step1,TotalTime=1,, Stress, Components — von Mises, (NON-LAYERED)

default_Fringe :

A Max 2.38+002 @Elm 8664
B{I : MPa Min 2.90-001 @Elm 1.1

6. 1.5-1 2/3)  Fr—A1I—BRMYIEHHMA (&ER) [BM—4k, BERRYT, SME : 16. 3WPa)



6. 1.5-1 (3/3) 7 —A1I—VREYUIEHOM GEKK) [Fb—4%, BdkfEdr, SME : 15, 3MPa)




MSC/PATRAN Version 8.5 26-Jan-00 10:25:14
Deform: Default, Stepl,TotalTime=1,, Deformation, Displacements, (NON-LAYERED)
== 2 I
=H an
NNl
[
||
|
¥
Z. X 1 ==
Z X 37 . hesd . default_Deformation :
Z, b
ERAER : 50015, B4 : mm Max 1.21-001 @Nd 24

B6.1.5-2 (1/3) & —A2%IRIE [EBW, BHEARAT, SME : 15. 3MPa)



MSC/PATRAN Version 8.5 26-Jan—-00 10:25:28

|Fringe: Default, Stepl,TotalTime=1., Stress, Components - VONM, (NON-LAYERED)

B6.1.5-2 (2/3) F—R2I—¥REYISEHSH (2FR)

] RSTIAS TNEY

g
|
|
|
|
!
| —
i

default_Fringe :

\ Max 3.40+002 @Elm 7974
Bifi : MPa Min 4.74-001 @Elm 1.1

[EBW, AT, S4E : 15. 3MPa]




6. 1. 5-2 (3/3)

A2 I-VRMYIS A M (FERE)

[EBW, BEAEYT, FME @ 15. 3MPa)




MSC/PATRAN Version 8.5 26-Jan-00 10:51:07
Deform: Default, Stepl, TotalTime=1., Deformation, Displacements, (NON-LAYERED)

£ )i 1 A v Ay hva vl default_Deformation :
IR : SOOfE, BAL - mm N2

6. 1.5-3 (1/3) Zr—=4aZikeE [MAG, BEMEARNT, SME : 15. 3MPa)




MSC/PATRAN Version 8.5 26-Jan-00 10:51:20
Fringe: Default, Stepl,TotalTime=1., Stress, Components — von Mises, (NON-LAYERED)

default_Fringe :
Max 2444002 @EIm 866.4
Min 9.60-002 @Elm 1.1

[6.1.5-3 (2/3) 4 —24I—¥2YBEHSME (REE) [MAG, WM, SMNE : 15. 3MPa)
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1.40+002,

1.20+002
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8.00+001

6.00+001

4.00+001

2.00+001

R
>

0.

Elm 866.4
Elm 1.1

6. 1.5-3 B/3)  r—24 I—FRABYUBHOH GEKR) [MAG, BHEARNT, SME : 15. 3MPa)



|MSC/PATRAN Version 8.5 26-Jan-00 10:56:25
Deform: Default, Stepl,Total Time=1., Deformation, Displacements, (NON-LAYERED)

011 A v s kvl v default_Deformation :
LRAGE : 500fF, B : mm Max 1.22-001 @Nd 24

B26. 1.6-4 (1/3)  r—26 KRG [T 1 G, WA, SHE : 15. 3MPa]



MSC/PATRAN Version 8.5 26-Jan—-00 10:57:13
Fringe: Default, Step1,TotalTime=1., Stress, Components — von Mises, (NON=LAYERED)

B6.1.5-4 (2/3) #—26I—FREYEHDHE (2EX)

default_Fringe :

L Max 2.39+002 @Elm 866.4
B : MPa Min 144-001 @Elm 1.1

[T1G, MM, SME : 15, 3MPa)
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’-Dzistributions of Welding Residual Stresses in Various Welded JOiI.l'tS‘ of

Thick Plates T

" Yukjo UEDA * and Keiji NAKACHO **

Jt was ten and several years ago that the authors developed a theory and a method for theoretical analysis of welding

transient ond residual stresses produced in @ multi-pass welded joint of a very thick plate. Several years later, they also
proposed and established o general measuring theory for experimental measurement of three-dimensional residual stres-
ses. Henceforth, using these methods, they have oblained transient and residual stresses produced in mony kinds of
welded joints. In this paper, these caleulared and measured results being summarized, residual stresses of thick plates due
to multi-pass welding are synthetiéaily studied and discussed on the characteristics of distributions, the correlation with

co]d cracking, the mechanism of production, ete.

KEY WORDS: (Weldmg Residual Siress) (Multi-pass Welding) (Theoretical Analysis) (Experimenial Measurement) .
(nfluencing Facter) (Cold Crack) (Welded Jaint) (Thick Plate)

1. Iniroduction

For study of safety of welded structures, it is very
important to know transient and residual stresses produc-
ed by multi-pass welding in thick plates. However, it had
been very difficult to obtain them by theoretical analysis
or experimental measurement, owing to comple:uty of
mechanical behaviors of weld metal and HAZ three-
dimensional state of stresses, ete.

More than-ten years ago, the authors started a re-

search on multi-pass welding residual stresses by perform-’

ing theoretical analysis. In this research, 'based on the
theories of thermal elastic-plastic analysis (fmne element
method)*»?), they developed an efficient and accurate
method®— 9 for analysis of multi-pass welding transient
and residual stresses. Applying this method, multi-pass
welding transient and residual stresses have been obtained,
and their produvction miechanisms, their relations with
cold cracks, etc, have been clarified® 4. About ten
years ago, they proposed a new measurin ¥g theory of three-
dimensional residual stresses using in erent strain as a
parameter>»'%) and developed actual measuring methods
such as L, method'®7 and L, method® ™18, it
became practically possible to measure multi-pass welding
residual stresses. Henceforth, welding residual stresses of
several welded joinis have been' measured by newly
developed approaches based on this theory? ¥ 719),

In this paper, using the results of these theoretical
analysis and experimental measurement, characteristics of
distribution of multi-pass welding residual stresses, influ-
encing factors on them and their relations with cold

cracks are discussed synthetically.

2. Characteristics of Residual Stress Distributions, Influ-
ential Factors and Their Relations with Cold Cracks in
Multi-pass Welded Joints

2.1 Caleulated welding residual stresses

The authors have analyzed transient and residual
stresses produced in various fypes of multi-pass welded
joints of thick plates by_ theoretical method, and the
production mechanisms of such stresses, the relations with
cold cracks, etc. have been investigated®14). A simple
joint model under simple welding condition (SM 50 butt
welded joint of 50 mum thickness plane plate) is chosen
as an appropriate example {first example) to describe the
characteristics of distributions of residual stresses. In the
theoretical analyses treated in this section, temperature or
temperature-history dependence of mechanical properties
of materials are considered.

2.1.1 Multi-pass burt welded joint of thick plane plate
{SM 50, plate thickness: 50 mm).

As shown in Fig. 1 ‘20 ]ayer (20 pass) narrow gap butt

welding was applied to SM 50 steel plate ‘of 50-mm-

' thacknessﬁ) It was considered that the distribution pat-

tern depends on the restraint condition of a joint, and two
extreme resiraint conditions were assumed; g condmon

Sz

under which. Jongitudinal. deformation+and-= angular dis-

~tortion, occur. freely (restraint-condition A) and one.under

which both deformations_are-restricted- (restraint-condi-
tion, B) Under respective conditions, residual stresses were

¥ Recejved on April 28, 1986
*  Professor
**  Research Instructor
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Fig. 2 Calcilated Welding Residual Stresses.

obtained by theoretical analysis. _

Distributions of residual stresses in the middle cross
section of the weld zone and on the top surface of the
specimen are shown in Fig. 2. oy indicates stresses in the
plate width direction and o, those along the weld line. In
case of restraint condition A in which longi-tﬁuld?nal defor-

mation and angular distortion occur freely, residual
’F\n W
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stresses near the bottom surface of the weld zone become
largely tensile both along the weld line and in the plate
width direction. In case of restraint condition B in which
the above-mentioned deformations are restrained, these
stresses are converted to compressive ones. Accordingly,
root crack may occur under very small degree of restraint.

On the other hand, the effect of restraint condition
wga {e_latively small on the top surface side, ie., in the
vitinity of the finishing bead. The reason is that as the
plate thickness increases, the above-mentioned deforme-
tions are more restrained internally when the welding near
the finishing bead is applied, because the weld metal
already laid recovers rigidity. The distribution of residual
stresses near the finishing bead may be characterized by
that the maximum tensile stresses appear not on the
finishing bead but several layers below (see Refs. 4 and 7
for this reason). This is remarkable in plate width direc-
tion. Large tensile residual ‘styesses in this vicinity may
cause underbead crack, longitudinal crack and transverse
crack.

2.1.2 Cylinder-head welded joint of a pressure vessel of
very thick plates (2¥4Cr-1Mo steel, plate thickness:.
100, 150 mm)

‘Welding residual stresses produced in 2 cylinder-head
joint (U-groove) of a pressure vessel (Fig. 3 (2)) made of
very thick 2%Cr-1Mo steel plate were estimated®— 57,
For analysis and experiment, double U-groove joint
models” (Fig. 3 (b)) of 200 and 300 mm plate. thickness
which are twice as thick as the original were prepared,
since it was considered that longitudinal deformation and
angular distortion hardly occur due to the high degree of
internal structural restraint for the actual joint. Each pass

“of welding was applied to these models alternately on

each side of the grooves. In the experiment, submerged
arc welding was applied. The numbers of passes were 87
for Model M-200 of 200 mm plate thickness and 167 for
Model M-300 of 300 mm plate thickness.

Shown in Fig. 4 are the transverse welding transient
and residual stresses o, on the top surface and in the
middle cross section of Model M-300 obtained by both
theoretical analysis and experiment. If attention is paid to
residual stresses, it is seen that their distributions are
subjected to the effect of restraint. Like the case of a butt
joint of a plane plate under restraint condition B of the
previous example, comprebsive stresses remain in the
middle of the plate thickness direction (corresponds to
the inmer surface of an actual joint), the initially welded
portion, and tensile stresses are produced near the top
surface, of which maximum value appears just under the
finishing bead. If embrittlement due to diffusive hydrogen
accompanies, underbead crack may occur and expand tc
the surface.

Transient stresses produced when the groove is weldec
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Fig. 3 Cylinder-head Welded Joint of a Pressure Vessel
and Its Research Model,
halfway and cooled to the interpass temperature (200°C)
are also shown in Fig. 4. The pattern of these distributions
shows fundamentally the same characteristics as of the
aforementioned residual stresses.
2.1.3 Multi-pass corner welded joint of thick plane plate
(SM 50, plate thickness: 40 mm }

In order to investigate and prevent lameliar tearing and
oot crack of a multi-pass corner joint from a dynamical
view point, welding residual stresses produced in such a
joint have been analyzed under various conditions® 9,
CJC (Corner Joint weld Cracking) test model shown in
Fig. 5 was used for the analysis of a corner joint. Chang-
ing the external restraint, theoretical analyses were per-
formed for the cases when bending restraint intensity is
large (Kp = 10%kgf-mm/mm-rad) and when it is the least
(Xp =0). ‘

Shown in Fig. 6 are the distributions of welding
residual stresses o, (perpendicular to the weld line) in the
section of the weld zone and on the top surface of the
vertical plate. These distributions change in a similar
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Fig. 6 Transverse Welding Residual Stresses.

manner to those in the butt joint of the first example
according to the change of restraint to angular distortion
(corresponds to bending restraint here). When -bending
restraint is large, tensile residual stresses on the top sur-
face of the vertical plate become larger and may cause
lamellar tearing. When bending restraint is small, large
tensile stresses are produced at the root of the groove and
may cause root crack. : .
With the purpose to prevent initiation of lamellar tear-
ing by decreasing tensile stresses on the top surface of the
_vertical plate even when bending restraint is large, residual
strésses were analyzed on four types of groove (Fig. 7).
Residual stress distributions near the top surface of the
- vertical plate are shown in Fig. 8. Tensile residual stresses
of types P and C are smaller than those of type M.
2.1.4 Multi-pass butt welded joint of thin and thick pipes
(SUS 304, plate thickness: 5.5, 8.6 and 30.9 mm)
Residual stresses produced in SUS 304 steel pipes by
circumferential multi-pass butt welding (V-groove) were
theoretically analyzed!?»~!%)_Sizes of the used pipes are
2B pipe (5.5 mm thickness), 4B pipe (8.6 mm) and 24B
pipe (30.9 mm), and the sequence of welding is shown in
Fig. 9, TIG welding method was applied to the welding of
initial passes and SMAW to the sequent passes. From the
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Fig. 8 Calculated Transverse Welding Residual Stresses
on the Top Surface.

third layer, the heat-sink welding by which-the inner sur-
face -of-a -weld-zone-is-cooled<by strong water-spraying-
during _welding .was-applied-+in--addition.to..the .conven- -
tional welding by, which. a joint.is naturally.cooled. This
heat-sink Welding aims to produce compressive residual
stresses on the inner surface of the weld zone and prevent
stress corrosion cracking. 4B pipe was also used to investi-
gate how the influence differs when heat input is increas-
ed and the number of passes is decreased. Analyzed
residual stress distributions are shown in Figs. 10 (heat
input is increased to Q-14, Q-23, Q-45) and 11.

Since butt welded joints of pipes are axisymmetric,
longitudinal deformation due to welding is internally
restrained, while angular distortion occurs to some degree,
In case of 24B pipe (30.9 mm thickness), stress distribu-
tions are similar to one produced under this restraint
condition. That is, the distributions are between those
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produced under the two éxtreme restraint conditions of
the butt joint of the first example.

If heat-sink welding is used, the inner surface or the
initially welded side is compulsorily cooled, so that 2

great temperature difference occurs in the plate thickness '

direction like the case of thick plates. Therefore, even in
case of thin plates such as 2B pipe (5.5 mm) and 4B pipe
(8.6 mm), residual stresses distribute similarly to those in
the restraint condition B of the butt joint of thick plates
of the first example, and compressive stresses remain on
the inner surface of the weld zone, These compressive
stresses prevent stress corrosion cracking.

2.2 Measured welding residual stresses

The authors presented a general measuring principle of
three-dimensional residual stresses in which inherent
strain is used as a parameter and formulated it using the
finite element method*»1%). Applying this measuring
theory, they conducted experiments on several multi-pass
butt welded joints of thick plates and measured their
three-dimensional welding residual stresses. Followings are
the examples $419),

2.2.1 Multi-pass burt welded joint of thick plane plate
(S8 41, plate thickness: 50 mum) )

In experiment, residual stresses of a multi-pass butt
welded joint (Fig. 12) of a mild steel (SS 41) plate were
measured!®). The size of the used specimen is as follows:
weld length, L =200 mm, plate width B =200 mm and
plate thickness, t = 50 mm. 14-pass submerged arc welding
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Fig. 11 Calculated Welding Residual Stresses of 24-

inch Pipes on the Innerand Outer Surfaces and -ao0r T
at the Middle Cross Seciion. L .
100 -50 0 50 100 ¥ {mm)
was applied to the U-groove of the specimen. No restraint (b) On the Bottom Surface
was added to the welding deformation such as longitu- Fig. 13 Measured Welding Residual Stresses on the
dinal deformation or angular distortion. Surfaces in the Middle of the Weld Line.
Residual stress distributions of ¢, (Jongitudinal direc- middle of the weld line are shown in Figs. 13 and 14.
tion) and o, (plate width direction) measured on the top Their distribution patterns are quite the same as those
and bottom surfaces and in the cross sections in the under the restraint condition A of the joint of the first
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example, in which no external restraint is added, That is
1o say, large tensile stresses are produced not only imme-
diately under the ﬁms}ung bead but also at the bottom
surface owing to the great influence of longitudinal
deformation and angular d1stort:on This is one of the
typical characteristics of the residual stress distributions.
Accordingly, root crack may occur in this case.
2.2.2 Multi-pass butt longitudinal and circumjferential
welded joints in a penstock (HT 80, plate thickness:
50 mm)

Using a large size penstock model of 80 kgf fmm? class
high tensile strength steel plate, three-dimensional residual
stresses produced in a tubular shell plate by (1) cold
bending, (2) longitudinal welding of a joint and (3) cir-
cumnferential welding of a joint were measured respec-
tively!®). The penstock model and the location of each
specimen taken oui are shown in Fig. 15. The plate thick-
ness of the model is 50 mm. Submerged arc welding was
applied first to the inner side and then to the outer side of
the X-graoves,

Distributions of three-dimensional residual stresses pro-
duced in the shell plaie by cold bending are shown in Fig.
16. Residual stresses in the axial direction of the model,
oM , and those in the circumferential direction, UgM, are
almost poini-symmetric with respect to the center of the
plate thickness. UZM is approximately 30 ~ 50% of oM
in magnitude. It is considered that these are the typical
characteristics of residual stress distributions by this type
of cold bending.
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Welding residual stress distributions in the longitudinal
joint are shown in Figs, 17 and 18, Distributions in Fig. 17
are complicated since welding residual stresses distribute
on and near the we]d“'rnetal, and combined residual
stresses by cold bending and the subsequent weldings on
the base plate near the weld line. The above residual stres-
ses distributed in the plate thickness direction are shown
in Fig. 18. Figure 18 (a) shows welding residual stresses in
the weld zone and (b) residual stresses by cold bending
and the subsequent weldings in the base plate. From these
distributions, especially Fig. 18 (a), in reference to the
first example, welding deformation behavior of this joint
is predicted as follows: Angular distortion occurs easily in
longitudinal joints as is evident from the distribution of

¥ (circumferential stress) in Fig. 18 (a). While longitu-
dinal deformation, which is considered to occur hardly,
is known io considerably occur from the distribution of

W (axial siress, along the weld line here) in the same
figure. This may be explained by the fact that the length
of the model at the longitudinal welding is shorter in
éomparison 1o the radius,

Distributions of welding residual stresses in a circum-
ferential joint are shown in Figs. 19 and 20. It is seen
from the residua) stress distributions in the plate thickness
direction of the weld zone shown in Fig. 20 (a) that dis-
tributions of circumferential (along the weld line) stresses
o and axial stresses o™ are similar 1o those in the cir-
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cumferential butt joint of 24B pipe already described in

2.1.4, Especially, o shows a close resemblance to those

in 24B pipe. Naturally, their production mechanisms are

the same. 1t is considered that angular distortion cccurs o

some extent and longitudinal deformation little.

2.2.3 Butt welded joint of very thick plate by electroslag
welding (SM 50, plate thickness: 100 mm)

Residual stresses of a butt welded joint of SM 50 steel
of 100 mm plate thickness by electroslag welding (Fig. 21)
were measured’”), Electroslag welding takes quite 2 dif-
ferent welding process from multi-pass welding which has
been treated in this study. Residual stresses by electroslag
welding deserve attention as those produced by applying
large heat input (2094 K] Jem) for the single pass.

Welding residual stresses at the middle cross section of
the weld line produced by this welding method are shown
.in Figs. 22 and 23. Figure 22 () shows the distributions
of residual stresses in the plate width direction (y-direc-
tion) on the surface, Fig. 22 (b) those along the center of
the plate thickness, and Fig. 23 the distributions of resi-
dual stresses in the plate thickness directjon. The residual
stress along the weld line, oy, shown in Fig. 22 (b) is
comparatwely similar to that produced in a one-pass butt
welded joint made of a thin steel plate in which phase
transformation occurs at a low temperaturem) That is to
say, of the distribution in the plate width direction, large
tensile strésses are produced in the HAZ and small tensile
stresses in the weld metal. The maximum tensile stresses
are produced at the center of the plate thickness as seen
from the distributions in the plate thickness direction at
the HAZ (y = 50 mm) shown in Fig. 23 (b). The reason

-
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Fig. 21 Test Joint of Electroslag Welding.
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Fig. 22 Measured ‘Welding Residual Stresses at the
Middle Cross Section of the Weld Line,

may be that the specirﬁch is:made of very thick 'p]ates 50
that the center of the plate thickness cools more slowly
than any other portions.

2.3 Characteristics of residual stress distributions in
multi-pass welded joints of thick plates and influ-
ential factors

Characteristics of residual stress distributions in several
kinds of multi-pass welded joints of thick plates described
in this research are summarized in the following.

Conceivable influential factors on the residual stress
distributions are the followings:

(i) material properties (physical and mechanical proper-
ties), ~ (ii) welding condition (especially heat input),
(iii) groove shape, (iv) buﬂd-up sequence, (V) restraint
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Fig. 23 Measuzed Welding Residual Stresses at the
Middle Cross Section of the Weld Line (Distri-
butions in the Plate Thickness Direction).

condition of a joint, etc..

Materials used for the joint models were;

(a) SM 50, (b)?2%Cr-1Mo, (c) SUS 304, (d) SS41 and
{e) HT 80.

Their mechanical properties, the aforementioned (i),
such as yield stress, instantaneous linear expansion coef-
ficient, etc., and their changes during phase transforma-
tion are greatly différent from one another. So are (i) the
welding' conditioni; (i) the groove shape and (iv) the
build-up sequence of the respective joints, These factors
influence the welding residual stresses quantitatively. For
example; in the joints made of HT 80 described in 2.2.2,
the maximum residual stresses do not.reach the yield
stress. This is due to the phase transformation expansion
at low temperaiure (400 ~ 500°C), which ‘reduces the
maximum tensile residual stresses’ greatly. 'However, as
having already mentioned hereinbefore, the patterns of
residual stress distributions are influenced a little by
(i) material properties, ~ (i) the welding condition,
(iii) the groove shape and (iv) the build-up sequence, while
they are greatly influenced by and dependent on (v) the
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restraint condition of a joint. Therefore, such character-
istics of residual stress distributions were arranged with
respect to the restraint condition of a joint as shown in
Table 1.

Correlations of the restraint condition of a joint with
residual stress distributions and welding cracks may be
simply stated as follows: “Irrespective of severity of the
restraint condition of a joint, longitudinal and transverse
(in the directions of the weld lirie and the plate width)
large tensile stresses are produced in the surrounding
portion of the finishing bead. These tensile stresses may
cause underbead crack, longitudinal crack or transverse
crack. If the restraints against longitudinal deformation
and angular distortion are weak, large tensile residual
stresses are produced near the initially welded bottom
surface and may cause root crack.” ’

As a result, the characteristics of residual stress distri-
butions can be read qualitatively in this Table, provided
that the restraint condition of a joint is estimated.

3. Concluding Remarks:

In this research, the authors sumrnanzed residual stress
distributions in mu]n—pass welded Jomts of thick plates
obtained by theoret:cal analys1s and experimental
measurement on seven kinds of weld joints. They clarified
correlations between the mﬂuentxal factors and cold
cracks. ’

The most important conclusmn is that the character- )
istics of residual stress distributions are greatly mﬂuenced
by the restraint condition of a joint. Obtained correla-
tions are shown in Table 1. From now on, it is possible to
gualitatively know the characteristics of residual stress
distributions from this Table if the restraint condition of
a joint is estimated. The production mechanisms of the
welding residual stresses of the joints, which were discus-
sed only a little in this paper, are detailed in the papers
written on respective joints.
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